Silicalite, considered to be a polymorph of SiO2, was prepared hydrothermally using amorphous silica, tetrapropylammonium bromide (TPA-Br) and NaOH. Silicalite was synthesized in a quartz glass ampoule under the following conditions; 
Introduction
Silicalite was synthesized by Flanigen et al. (Union Carbide Co.) in 1978 for the first time and was thought to be one of the polymorphs of SiO2.1) The crystal structure of silicalite is topologically related to that of zeolite. It is hydrophobic and organophilic and can absorb organic molecules in the presence of water. Johnson et al. examined thermodymanic properties of silicalite and re ported that it is less stable than quartz but more stable than silica glass.2) They noted also that silicalite has a potential alternative as a reference material for thermochemical measurement on in organic silicates and silicate minerals because of its ease dissolution in aqueous hydrofluoric acid (application to solution calorimetry).
Silicalite itself has been believed to be alumi nium ion free from the preparative condition. However, by 27Al NMR study,3) it was concluded that small amount of aluminium ion was always included in tetrahedral framework and the differ ence of silicalite from ZSM- Actually Johnson et al. recognized the pre sence of 50ppm aluminium ion in addition to several other metallic impurities by spectroche mical analysis.2) Unfortunately, the details of physico-chemical properties as well as of prepara tion of silicalite have not thoroughly been re viewed in the literatures except for a few cases5-presumably due to a doubt as to "silicalite" as a distinct name of compound and/or its patent. Nevertheless it remained unsolved why the zeolite-like framework is constructed even under the presence of as small amount of as ppm order of aluminium ions. It is important to elucidate the minimum concentration of aluminium ions for the construction of zeolite type crystal structure. It is also interesting to find the best condition of silicalite formation without precipitation of the thermodynamically stable quartz under hydrother mal synthesis.
Experimental

Synthesis
Instead of fused silica (Cab-o-sil), the original reagent used in the literature , amorphous silica (a-SiO2) from Nippon Steel Chemical Co. (0.5m) was used for preparation. The standard composition of the starting materials per one mol of a-SiO2 was as follows: 35 .2mol H2O, 0.115mol NaOH, 1.37mol NaCl, and 0.085mol tetrapropylammonium bromide (TPA-Br) , re spectively. They were sealed into Pyrex or a silica glass ampoule and inserted into autoclave of stainless steel at 188.
After 2 days , the powder product was washed by water, dried at 100-130 and calcined at 500 for one day. In some runs, the same starting materials were partitioned into several ampoules in the autoclave and they were sampled consecutively at desired time interval. In order to see the effects of aluminium and boron ions on the yield of the silicalite formation, Al2O3, B2O3, or Pyrex glass rods (5mm diameter and 30mm length) were included into starting mixtures. SEM image of typical silicalite.
Characterization of silicalite
X-ray powder diffraction (CuK) was applied to identify the silicalite. Figure 1 shows the typical X-ray powder pattern of silicalite obtained in this work. The degree of crystallization was estimated from the peak area over the 2 range 22-24 of the diffraction pattern referred to NaCl as an internal standard. A scanning electron microscope (SEM, Akashi ISI-DS 130) was used to see the size as well as direction of crystal growth. Figure 2 shows SEM image of typical silicalite crystals from the standard mixture . It consists of crystals in the form of slab. Contents of aluminium and boron ions were determined by ICP analysis. : Al2O3, : B2O3, : no addition (in silica ampoule).
3.
Results and discussion Figure 3 represents the effects of aluminium or boron ions on the crystallization of silicalite. When either of the two ions was introduced into the starting mixture, yields of silicalite reached about 90% within two days at 188 . When the reaction proceeded in a Pyrex glass ampoule , the similar yield was attained without addition of extra Al2O3 or B2O3 . On the other hand, in a silica glass ampoule under limited supply of the two ions, the degree of crystallization was low (about 60%). In Fig. 4 the degree of silicalite formation was plotted against number of Pyrex glass rods in a silica glass ampoule. In this case the reaction was proceeded over 5 days . The yield of silicalite increased, whereas the formation of quartz was suppressed, with an increase of the number of glass rods. These two set of data reveals clearly that the presence of aluminium or boron ions is essential for the formation of silicalite . In Table 1 analytical results are shown . The name " silicalite" may not even be adequate for the samples No. 1 to No. 6 because of high content of the two ions. Even when contamination of alumi nium or boron ions were avoided as far as possible, several ppm of Al and B ions were always observed, which might be brought from the reagents.
Effects of aluminium and boron ions
Here it is to be noted that consider able quantity of boron ion was included in silicalite, when one uses the Pyrex glass. The effects of boron ion seems rather predominant. SEM observation showed that silicalite crystals were formed on the surface of the Pyrex glass rod . This indicate that Pyrex glass may offer the site suitable for silicalite nucleation. Fig. 4 . Effect of Pyrex glass rod on the formation of silicalite () and quartz () . 188, 2 days. 188. Figure 5 shows the time dependence of the silicalite formation when Pyrex and silica glasses were used. When reaction was conducted in a Pyrex glass ampoule , a retention time is shorter and silicalite crystals could be obtained without exception after 40h at 188 . On the other hand, the reaction could not be complete in a silica glass ampoule under the same condition . It was also shown that in the crystallization of ZSM-5 the retention time and reaction rate become longer and slower with an increase of [Si]/[Al] ratio .8)
The Avrami equation9) was applied to this kinetic behavior. The degree of crystallization can be expressed by the following equation;
( 1 ) where X is degree of the crystallization , k is the reaction constant, t is time and n is constant which determines the dimension of the crystal growth. Taking the double logarithm after rear rangement of Eq. Figure 6 shows the effect of NaOH concentra tion in the starting materials. Here, the molar ratio of reagents other than NaOH are kept the same as cited previously. With an increase of NaOH content, the yields of silicalite increased and then decreased through maximum around 0.2 of [NaOH]/[SiO2] ratio. On the other hand, the formation of quartz crystal became pronounced with an increase of NaOH concentration. This coincided with the recent results on the formation of ZSM-5 from cristohalite rock.10) The resulting crystal radii became extremely small (5m). The alkali dependence of the crystallization could be explained by the solubility of amorphous silica under the hydrothermal condition. A suitable quantity of NaOH is required; thus only at an appropriate concentration of amorphous silica, silicalite might be precipitated under the presence of TPA+ ion. On the other hand, when the solution is highly basic, solubility becomes large and thermodynamically stable quartz are then formed instead of silicalite. In addition, nuclei of silicalite precursor appear homogeneously over the whole soultion. The crystal size then becomes small and homogeneous. The contents of alumi nium and boron ions in silicalites cited in Fig. 6 were 6-22 and 9-17ppm respectively. The total yields could not be distinguished between with and without NaCl in the starting mixture.
Effects of [NaOH]/[SiO2] ratio
However, it was observed also that the shape of silicalite crystal was somewhat depen dent on the presence of Na+ ion; thus the SEM observation showed that direction of the crystal growth is not spherulitical in the case of low Na+ content in the starting mixtures.
3.6
Sequence of silicalite and quartz forma tion
When the presence of aluminium and boron ions were limited, quartz was formed, especially at higher reaction temperature.
Heydemann11) re ported that quartz was formed from the highly basic soultion at 100-250 via SiO2-x12) and cristobalite. In the present experiment the pre sence of cristobalite crystal could not be detected in the X-ray diffraction pattern. However uniden tified crystal (perhaps SiO2-x) was detected in some cases. Thus the crystallization should pro ceed written by the following sequence;
Silicalite transforms into cristobalite at higher tempera ture (900), as observed by DTA experiment.
